1. Introduction {#sec0001}
===============

On 11 March, 2020, the World Health Organization (WHO) officially declared the coronavirus (COVID-19) outbreak to be a global pandemic[1](#cit_1){ref-type="fn"} . As of 27 March, 2020, the number of confirmed cases surpassed 500,000, and it continues to rise ([@bib0011]). Over 170 countries are affected, with the US has the most confirmed cases. The outbreak has had clear significant economic impacts. In the short-term, as many countries adopt strict quarantine policies, their economic activities are significantly limited. The longer-term consequences of this pandemic may arise from mass unemployment and business failures. Some industries, such as tourism and aviation, will certainly face hardships.

While the exact global economic impacts are not yet clear, financial markets have already responded with dramatic movements. In March 2020, the US stock market hit the circuit breaker mechanism four times in ten days. Since its inception in 1987, the breaker has only ever been triggered once, in 1997. Together with the US crash, stock markets in Europe and Asia have also plunged. FTSE, the UK\'s main index, dropped more than 10% on 12 March, 2020, in its worst day since 1987.[2](#cit_2){ref-type="fn"} The stock market in Japan plunged more than 20% from its highest position in December 2019.[3](#cit_3){ref-type="fn"} Central banks and authorities responded immediately by throwing their policy instruments into the market. For example, on 15 March, 2020, the Federal Reserve (FED) announced a zero-percent interest rate policy and at least a \$700 billion quantitative easing (QE) program. Following the negative responses to this policy in the market, the FED announced an unlimited QE policy eight days later. Although most stock markets have recently begun rebounding, a great deal of uncertainty remains as the pandemic continues.

To give a first-hand description of the scenario and to understand the patterns of systemic risk in financial markets, this paper explores the available data and attempts to answer the following questions: How do risks in stock markets react to the pandemic outbreak? Do systemic risks increase worldwide? What are the potential impacts of policy interventions?

The remainder of this paper is as follows. [Section 2](#sec0002){ref-type="sec"} provides a general description of the basic facts about the pandemic. [Section 3](#sec0003){ref-type="sec"} presents the statistical analysis of the data. [Section 4](#sec0007){ref-type="sec"} discusses the policy impacts. [Section 5](#sec0008){ref-type="sec"} concludes.

2. Basic facts about the pandemic {#sec0002}
=================================

COVID-19 was brought to the world\'s attention in January, 2020. The rapid spread of the virus and the rising number of confirmed cases trigged quick reactions from the Chinese government. On 23 January, 2020, the lockdown of the entire city of Wuhan shocked the whole world, later proving to be a very effective policy intervention by the Chinese government. One week later, the WHO declared the outbreak in China to be a public health emergency of international concern (PHEIC). At that point, the total number of confirmed cases were 7,711, with only 83 cases in 18 countries outside of China.[4](#cit_4){ref-type="fn"}

South Korea was the second country to experience a major outbreak of COVID-19, closely followed by Iran. It took one week for South Korea to go from 31 cases to over 1,000; and it took 12 days for Iran to go from zero cases to over 1,000. Using the data from the John Hopkins Coronavirus Resource Center, the confirmed cases are plotted over time for the six majorly affected countries (see [Fig. 1](#fig0001){ref-type="fig"} ). While China and South Korea are generally under control in March, the epicentre moved to Europe and the US. With the US leading the total number of confirmed cases, Italy has the highest fatality rate. Around the WHO\'s official announcement of a global pandemic, financial markets across the world have started to tumble. Taking the S&P 500 as an example, it reached its highest point (3386.15) on 19 February, 2020, but plunged to 2237.40 on 23 March, 2020, a fall of over 30% within one month. The standard deviation of daily returns in February was 0.0069; the number rises to 0.0268 in March.Fig. 1Confirmed cases in major affected countries. (<https://coronavirus.jhu.edu/>)Fig 1

Back to 2003, the severe acute respiratory syndrome (SARS) was estimated to cost the world between 30--100 billion USD ([@bib0008]). While SARS was mainly in China, the COVID-19 pandemic has already become a worldwide crisis, behaving like "the once-in-a-century pathogen" ([@bib0004]). A much more profound impact to the global economy is expected.

3. Data analysis {#sec0003}
================

Daily data up to 27 March, 2020 were collected to explore the patterns of stock market reactions. The indexes for all stock markets across the world were downloaded from investing.com. All the data on the global coronavirus infections are from John Hopkins Coronavirus Resource Center.

3.1. Volatility analysis {#sec0004}
------------------------

The first task is to illustrate the relationship between stock market risks and the outbreak of COVID-19. Countries on the top 10 list of confirmed cases have been selected (according to the data on 27 March, 2020) together with Japan, Korea and Singapore. Iran is excluded from this list, as its stock market data are not available. Together, these countries have had 466,693 cases (see [Table 1](#tbl0001){ref-type="table"} ); they all have well-developed stock markets. Market risk is calculated using standard deviations of daily returns. The WHO declared PHEIC status in China on 30 January, 2020, so only February and March are considered in the present analysis. For most of February, China was the centre of the outbreak. While China successfully contained the virus from early March, the confirmed cases in Europe and the US have started to shoot up.Table 1Confirmed cases and market volatilityTable 1CountryConfirmed cases on Feb/29/20Confirmed cases on Mar/27/20Std_FeburaryStd_MarchRank 01Rank 02US681016570.00690.026871Italy1128864980.00830.025822China Mainland79261813780.00980.0084112Spain45657190.00740.023443Germany79508710.00730.021255France100329640.00690.022184United Kingdom23145430.00640.0198116Switzerland18129280.00670.017299Korea, South315093320.00690.018968Netherlands686030.00740.019237Japan24114680.00650.01641010Singapore1027320.00500.01591211Total confirmed84221466693Average Std.0.00710.0196[^1]

The statistics reported in [Table 1](#tbl0001){ref-type="table"} confirm that the pandemic has had a strong influence on stock markets. The risk levels of all the countries has increased substantially, from an average of 0.0071 in February to 0.0196 in March. Such dramatic movement cannot simply because of long-term expectations ([@bib0005]), instead, it is almost certain that sentimental factors play important roles. The market sentiment in response to the outbreak can be quickly amplified through social media, which then stimulate trade activities and cause extreme price movements ([@bib0002]).

Not surprisingly, China has had the highest level of standard deviation in February and the lowest in March. The US' market volatility has increased the most, with a level of standard deviation in March nearly four times higher than that in February. Interestingly, the standard deviation ranking in March is roughly consistent with the ranking of confirmed cases (excluding China). It is clear that the pandemic has led to great risk and uncertainty in the global financial markets.

3.2. Correlation analysis {#sec0005}
-------------------------

Being a global health crisis, one would expect to see not only a rise in country-specific risks in stock markets, but also an increase in systemic risks. Here, correlations are used to illustrate the systemic reaction to the pandemic. [Fig. 2](#fig0002){ref-type="fig"} plots weekly return correlations among these 12 countries. They are calculated based on daily data within each week between February and March, totally eight observations.Fig. 2Weekly return correlations.Fig 2

The correlations in February are relatively low, but they increase substantially upon entering March. The highest level appears in the week ending on 6 March, 2020 when Europe and the US starting to lose control, prompting the WHO to announce a pandemic during the weekend (11 March, 2020). The correlation in the week ending on 20 March, 2020 is surprisingly low. It is obvious that investors around the world had different opinions of the US' zero-percent interest rate policy, until the new unlimited QE was announced in the following week. Although there is a worldwide market rebound in the week after, driving higher correlations, the long-term impacts of the US' policies remain unclear.

Using the WHO\'s announcement of a pandemic as a breaking point to separate the sample, two heat maps show the correlations before the announcement and after are plotted (see [Fig. 3](#fig0003){ref-type="fig"} ). While the US and the European stock markets keep high correlations in both cases, the four stock markets in Asia behave quite differently. While only China is somehow isolated from the world before the announcement, the whole Asia group is moving away from the Europe--US group. They become more connected after the announcement (the darker blue colour). For example, South Korea is highly correlated with China and Singapore after the announcement, but not before.Fig. 3Heat map of pairwise correlations before and after the WHO announcement.Fig 3

3.3. Minimum spanning tree {#sec0006}
--------------------------

Based on the correlation analysis, the systemic connections among these countries is further investigated using graph theory and minimum spanning tree (MST), a method that connects all the nodes in a graph with the minimum possible total edge weight and with no loops (see [@bib0006]). Here, *C*(*i, j*) is the correlation between two variables. Their distance can be calculated as$$e_{ij} = \sqrt{2\left( 1 - C\left( i,j \right) \right)}$$

[Fig. 4](#fig0004){ref-type="fig"} plots the MST for the case before the pandemic announcement and after. As can be seen in the left panel, before the announcement, European stock markets are strongly connected. France, Germany and the Netherlands are the core of the MST, with each one linking to three nodes. The US market and the China Mainland stock market are rather isolated in the system. Although the outbreak began in China, the international financial markets did not respond with any significant changes.Fig. 4MST plots before and after the pandemic announcement.Fig 4

Referring to the right panel, the MST after the announcement tells quite a different story. The European group remains highly connected. The UK and Spain replace Germany and the Netherlands to become the core members, which is consistent with the trajectory of the COVID-19 outbreak. Although Germany remains highly affected, its fatality rate is far lower than that of all the other countries shown here. Four Asian stock markets scattered before the announcement; however, they form a cluster after the announcement. Although a local core is yet to emerge, these four Asian markets are definitely more integrated.

Overall, the evidence here shows that regional market integration/collaboration is likely to appear in the face of this major crisis. The US stock market, whether before the crisis became global or after, has failed to take a leading role in the world.

4. Policy discussions {#sec0007}
=====================

[@bib0010] estimate that the coronavirus pandemic will potentially infect 7.0 billion people worldwide, causing 40 million deaths. Of course, this extreme case is only fictitious and come with the condition that no interventions are imposed. The lockdown of cities, border closures and many other health measures have already been implemented in over 136 countries ([@bib0011]), which should eventually slow and stop the pandemic. However, these policies will also lead to economic depressions around the world ([@bib0001]), and quickly spreading to financial markets ([@bib0007]).

Meanwhile, monetary authorities have implemented intensive policy measures to save these troubled financial markets. In the short-run, these policies may work as they have in the US -- the unlimited QE has somehow stopped the panic of investors. However, these policies may create inconsistencies between investors' short-term and long-term expectations ([@bib0005]). The US' policies may introduce further uncertainty into the global markets and create trouble for emerging economies ([@bib0003]; [@bib0009]). [@bib0012], for example, find that the US QE after the 2008 global financial crisis contributed significantly to the increased systemic risk at the time.

5. Conclusions {#sec0008}
==============

This paper provides a simple but original statistical analysis of the impact of the COVID-19 pandemic on stock market risk. The virus has already claimed thousands of lives and brought significant challenges to countries from all over the world. The financial markets have seen dramatic movement on an unprecedented scale. The present results show that global financial market risks have increased substantially in response to the pandemic. Individual stock market reactions are clearly linked to the severity of the outbreak in each country. The great uncertainty of the pandemic and its associated economic losses has caused markets to become highly volatile and unpredictable.

Policy reactions to contain the virus and level the stock markets are needed; however, non-conventional policy interventions, such as the US' unlimited QE, create further uncertainty and may cause long-term problems. In addition, countries are not working together to cope with these challenges, as markets in the country group studied here are responding differently to national-level policies and the general development of the pandemic. Ultimately, this tendency toward disintegration in the global community is more of a threat than the virus.
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[^1]: Note: The countries are selected and ranked according to John Hopkins Coronavirus Resource Center; they are the top 10 infected countries by number of confirmed cases (together with Japan, South Korea and Singapore). Iran is not included due to the unavailability of its stock market data. Std_February and Std_March are the standard deviations of daily returns in February and March, respectively. Rank 01 is the country ranking according to Std_February. Rank 02 is the country ranking according to Std_March.
